Abstract. Iron overload is commonly encountered during the course of aplastic anemia (AA), but no composite animal model has been developed yet, which hinders drug research. In the present study, the optimal dosage and duration of intraperitoneal iron dextran injection for the development of an iron overload model in mice were explored. A composite model of AA was successfully established on the principle of immune-mediated bone marrow failure. Liver volume, peripheral hemogram, bone marrow pathology, serum iron, serum ferritin, pathological iron deposition in multiple organs (liver, bone marrow, spleen), liver hepcidin, and bone morphogenetic protein 6 (BMP6), SMAD family member 4 (SMAD4) and transferrin receptor 2 (TfR2) mRNA expression levels were compared among the normal control, AA, iron overload and composite model groups to validate the composite model, and explore the pathogenesis and features of iron overload in this model. The results indicated marked increases in iron deposits, with significantly increased liver/body weight ratios as well as serum iron and ferritin in the iron overload and composite model groups as compared with the normal control and AA groups (P<0.05). There were marked abnormalities in iron regulation gene expression between the AA and composite model groups, as seen by the significant decrease of hepcidin expression in the liver (P<0.01) that paralleled the changes in BMP6, SMAD4, and TfR2. In summary, a composite mouse model with iron overload and AA was successfully established, and AA was indicated to possibly have a critical role in abnormal iron metabolism, which promoted the development of iron deposits.
Introduction
Aplastic anemia (AA) is a common hematologic disease that is characterized by hematopoietic failure of the bone marrow and pancytopenia of the peripheral blood, and patients typically suffer from anemia, infection and hemorrhage (1) . It is reported that the incidence of AA is 2/10 6 per year in western countries, while in China, the rate is nearly triple (~7.4/10 6 ); chronic AA comprises almost 80% of AA in China (2) . During the clinical practice, it was demonstrated that the majority of patients with AA exhibit iron overload secondary to long-term blood transfusions due to moderate and severe anemia (3) . Iron overload and chelation therapy have recently been important areas of research in hematologic diseases, particularly in hematopoietic failure diseases (4, 5) . Iron chelation therapy has been recommended in AA practice guidelines due to its role in protecting major organs, promoting hematopoiesis, delaying disease progression and improving the quality of life (6) . Nevertheless, few drugs are currently used in clinical practice for iron chelation therapy in AA. These drugs may also lead to thrombocytopenia or increase the susceptibility to infection as a side effect (7) . Furthermore, some effective drugs that are available are too expensive for some patients in less developed countries, including deferasirox (8) (9) (10) . Therefore, it is of clinical importance to identify effective and low-cost iron chelation agents and validate their effects. Available models of aplastic anemia or iron overload have been constructed (11) (12) (13) (14) ; however, no animal model of AA complicated with iron overload currently exists, which hinders drug research and development. The present study reports a feasible composite mouse model of AA complicated with iron overload. Reagents. The following reagents were used in the present study: Iron dextran (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany); serum iron (SI) detection kit (cat. no. A039-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China); and serum ferritin (SF) ELISA kit (cat. no. CSB-E05187h; Cusabio Biotech Co., Ltd., Wuhan, China).
Materials and methods

Animals
Animal grouping and treatments. BALB/c mice were randomly assigned to the following groups: Normal control (group A, n=8), AA (group B, n=8), iron overload (group C, n=24), and composite model (group D, n=24). Furthermore, groups C and D were divided into three subgroups (C1, C2, and C3; and D1, D2 and D3, n=8 respectively), according to the administration frequency and single dose of iron dextran (200 mg/kg/week x 10 weeks, 250 mg/kg/week x 8 weeks or 333 mg/kg/weekx 6 weeks, respectively). Following evaluation of the iron-overload parameters (SI and SF), the best iron-loaded model in Group D was used to develop the composite model of AA.
Duplication of iron-overloaded model. Groups C and D were administered with the corresponding dosages of iron dextran via intraperitoneal injection, whereas groups A and B were administered the equivalent volume of normal saline (NS).
Validation of iron-overloaded model. Following administration of the iron dextran injection, blood samples were collected from the orbital veins of mice in groups C and D for the detection of SI and SF, and for the determination of the optimal iron dextran dosage and cycle for duplication of the iron-overloaded model.
Duplication of the mouse model of AA. Following identifying the optimal iron-overloaded model, the optimal iron-overloaded subgroups of Groups D and B were used for the duplication of the mouse AA model based on previous methods used by the present authors (15) . DBA/2 mice were euthanized via cervical dislocation and the thymuses were harvested using aseptic techniques for the preparation of cell suspensions of 5x10 6 cells/ml. The cells were washed in phosphate buffered saline (PBS) twice and suspended in saline prior to injection. Groups B and D were treated with whole-body irradiation with 60 Co 6.0 Gy at 1 Gy/min, after which 0.2 ml prepared cell suspensions was injected into each mouse via the caudal vein within 4 h.
Sample collection. The completion of duplication of the mouse AA model in groups B and D was defined as day 0. Blood was collected from the orbital veins of the mice in the four groups for routine testing on days +10 and +30. Blood, liver, heart, spleen and bilateral femurs were extracted from randomly chosen mice (n=4) from the groups on day +15 following overnight fasting and euthanasia via cervical dislocation.
Detection of peripheral hemogram. Blood tests were performed at the Department of Laboratory Medicine of Zhejiang Provincial Hospital of Traditional Chinese Medicine (Hangzhou, China). Peripheral blood smears were prepared and after Wright-Giemsa staining, peripheral hemogram detection was performed using manual classification and counting protocols (16) under a light microscope (CX31RTSF; Olympus Optical Co., Ltd., Tokyo, Japan) at a magnification of x400.
Liver/body weight ratio testing. Livers were collected from the mice immediately following euthanasia and washed with NS. They were subsequently wiped dry with filter papers and weighed, and the liver/body weight ratio was calculated.
Pathomorphological observation. For all groups, the liver, spleen, and unilateral femur were fixed in a 10% formalin solution under room temperature within 30 min after collection for 24 h. The femur was decalcified by soaking in 5% nitric acid solution for 7-12 h. All tissues were dehydrated, paraffin-embedded, cut into sections (5-µm-thick), stained at room temperature with hematoxylin and eosin (hematoxylin staining for 5-10 min, and eosin staining for 1-3 min)/iron (prussian blue staining for 20 min and redyed with Sudan red for 1 min), and observed for bone marrow pathomorphology and multiple organ iron deposition under light microscopy with a x400 magnification.
Detection of SI content. Blood plasma (0.5 ml) was collected for the detection of SI content by absorption spectrophotometry using a microplate reader with the SI detection kit according to the manufacturer's protocol and the following equation using the absorbance of the detection tube (Ad), absorbance of the blank tube (Ab) and the absorbance of the standard tube (As):
Detection of SF. A total of 0.5 ml serum was taken from each group (1.5-2 ml was collected previously) for the detection of SF level using the ELISA kit according to the manufacturer's protocol. Following reaction termination, optical density (OD) values were detected via microplate reader at 450 nm. A standard curve was plotted using CurveExpert Professional software (version 1.4, developed by Daniel G. Hyams, http://s 91928265.onlinehome.us/curveexpert/), and sample concentrations were calculated based on the OD values.
Detection of liver transferrin receptor 2 (TfR2), hepcidin, bone morphogenic protein 6 (BMP6) and SMAD family member 4 (SMAD4) expression levels using reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total mRNA was extracted from hepatocytes using the TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) one-step method and used for RT. RT was performed using PrimeScript™ RT reagent kit with gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian, China; cat. no. RR047A) in a 20-µl reaction volume. Briefly, 1 µg total RNA from hepatocytes, 2 µl 5X gDNA Eraser Buffer, 1 µl gDNA Eraser and nuclease-free water were mixed well in a total volume of 10 µl and incubated for 2 min at 42˚C to eliminate genomic DNA. For the synthesis of cDNA, 4 µl 5X PrimeScript Buffer 2, 1 µl PrimeScript RT Enzyme Mix, 1 µl RT Primer Mix and 4 µl nuclease-free water were susbsequently added, and the reaction mixtures were subjected to the following conditions: 37˚C for 15 min, followed by 85˚C for 5 sec, held at 4˚C and stored at -20˚C until qPCR amplification. qPCR was performed using SYBR ® Premix Ex TagTM II (Takara Biotechnology Co., Ltd.; cat. no. RR820A) in a 20-µl reaction volume. Each reaction was comprised of 2 µl of the cDNA solution, 10 µl of SYBR ® Premix Ex TagTM (2X), 1.6 µl of primers, 0.4 µl of ROX Reference Dye and 6 µl of nuclease-free water. The thermocycling protocol was as follows: 95˚C for 30 sec for initial denaturation; 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec for PCR; and 95˚C for 15 sec, 60˚C for 30 sec and 95˚C for 15 sec for separation. The ΔCq value (Cq target genes -Cq reference gene ) of each sample was calculated using the relatively quantitative method and 2 -ΔΔCq was calculated as follows: ΔΔCq=ΔCq experimental group -ΔCq control group (17) . GAPDH was used as a reference gene and primer sequences are provided in Table I .
Statistical analysis. Data were analyzed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). All experiment was repeated in triplicate and data are presented as the mean ± standard error of the mean One way analysis of variance was employed to compare two groups of normally distributed data and followed by a post hoc Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference.
Results
Comparison of iron loads between iron-overloaded models of different dosage regimens.
The results indicated that all iron overload subgroups (C1-C3) had significantly higher SI than the normal control group (164.40±22.44, 151.92±42.58, and 129.56±14.10 vs. 99.70±15.46; C1, P<0.01 vs. control; C2 and C3, P<0.05 vs. control). Group C1 had a significantly higher SI level than Group C3 (P=0.012); however, other inter-group comparisons showed no significant differences. The iron-overloaded group C1 had a significantly higher SF than the normal control group (534.43±114.35 vs. 294.89±43.80; P=0.006), whereas the other iron-overloaded groups were not significantly different from the control group (Fig. 1) . As a result, group C1 was selected as the optimal composite model for the establishment of the composite model of AA complicated by iron overload.
Comparison of peripheral hemograms between groups during establishment of the composite model. A previous report by the present authors (15) indicated that the peripheral hemograms of the immune-mediated AA group peaked at ~day +10. Therefore, in the present study the peripheral hemograms of the AA model were detected at day +10. The results demonstrated that the AA and composite model groups had a significantly lower white blood cell count (WBC), hemoglobin (Hb), red blood cell count (RBC), and platelet count (PLT) compared with the normal control and iron overload groups (all P<0.01), whereas other inter-group comparisons showed no significant differences (Fig. 2) . Comparison of liver/body weight ratios between groups. The results showed that the iron overload and composite model groups had significantly higher liver/body weight ratios than the other two groups (all P<0.01, except group C1 vs. A, P<0.05), whereas the ratios were not significantly different between groups A and B or between groups C1 and D1 ( Fig. 3 ; Table II) .
Bone marrow pathology observations. The present results indicated that groups B and D1 had notably poorer bone marrow hyperplasia than groups A and C1, and that the hyperplasia was more marked in group D1. Compared with groups A and C1, groups B and D1 exhibited more fat granules, lower hematopoietic cell ratios and fewer bone marrow megakaryocytes (Fig. 4) .
Iron staining of multiple organs (liver, bone marrow and spleen).
The present results demonstrated that there was no notable iron deposition in the liver (Fig. 5A-D) or bone marrow ( Fig. 5E-H ) of groups A and B; however, there was marked deposition in the iron-overloaded groups C1 and D1. Iron was not markedly deposited in the spleen even following iron overload (Fig. 5I-L) . Fig. 6 ). In group D1, the changes in the SI and SF levels between days +15 and +30 were also compared. The results demonstrated that the SI and SF levels in group D1 were 266.08±37.58 µmol/l and 1,006.17±118.36 ng/ml on day +30, respectively. SI and SF remained stable without continuing iron dextran, and no significant differences were observed between these time points (Fig. 7) .
Comparison of iron overload
Comparison of hepcidin, BMP6, SMAD4, and TfR2 mRNA expression levels.
The present results demonstrated that groups B, C1, and D1 had significantly lower hepcidin (all P<0.01), BMP6 (groups B and D1, P<0.01; group C1, P<0.05), and SMAD4 (all P<0.01) mRNA expression levels than group A, whereas those of group C1 were significantly higher than those of groups B and D1 (all P<0.01). Furthermore, group B had significantly lower hepcidin (P<0.05) and SMAD4 (P<0.01) mRNA expression levels than group D1. Compared with group A, groups B and D1 had significantly downregulated TfR2 mRNA expression levels (both, P<0.05), whereas group C1 had a significantly higher expression level than group B (P<0.01; Fig. 8) .
Discussion
At present, there is no consensus on the diagnostic criteria of iron overload. Iron overload is typically diagnosed if the patient receives erythrocyte transfusion >20-40 U or exhibits an SF>500-2,500 µg/l (18). The incidence of iron overload is reportedly 13% in acquired AA patients; however, only 22% of these patients have a clear past history of blood transfusion (3). Iron overload is associated with excessive iron uptake, iron metabolism disorders, gene mutations and other factors (19) . The establishment of an animal model of AA complicated by iron overload may help elucidate pathological changes and facilitate the screening of potential drug therapies.
The current mouse model of immune-mediated AA is well established and easy to duplicate; therefore, it is used for studies of pathogenesis and trials of drug efficacy (20, 21) . Methods for the establishment of the iron overload model typically include iron injection (using iron dextran or iron sucrose), carbonyl iron feed additive method and gene knockout; among these, the carbonyl iron feed additive method is time-consuming, the obtained model is unstable, and the gene knockout has complicated experimental procedures and high requirements (22) (23) (24) (25) . Conversely, the iron injection has the advantages of a short duplication cycle, high success rate, and good stability, thus it is used by many researchers (14, 26, 27) to establish a secondary iron overload model (22) . In the present study, a composite model of AA complicated by iron overload was established using a combination of iron dextran injection and an immune-mediated method.
Given the long period required for iron overload model establishment and the additional risk of death due to iron dextran administration in AA model mice, it was not until the successful duplication of iron overload that the AA model was developed. As there are disagreements regarding the dosage and frequency of intraperitoneal injections of iron dextran (8, 9) , mice were randomly divided into three experimental groups and received the same total injection dose (2.0x10 3 mg/kg) according to different dosage and injection frequency. Subsequently, the composite model of AA was established based on group C1 as this injection protocol (200 mg/kg/week x 10 weeks) generated the most prominent effect on iron load as indicated by the inter-group comparisons of SI and SF levels.
During detection of the peripheral hemogram, it was observed that peripheral WBC, RBC, hemoglobin and PLT were significantly decreased in group B and D1 compared with group A on day +10. Bone marrow pathology also supported the successful establishment of the AA model: Groups B and D1 exhibited reduced areas of hematopoietic cells, increased proportions of adipocytes, and decreased megakaryocytes, indicating hematopoietic failure. The failure was more severe in group D1. Liver volumes and liver/body weight ratios were significantly higher in groups C1 and D1 than in the other two groups. Pathology also indicated marked increases in iron deposition in the bone marrow and liver tissues in groups C1 and D1. SI and SF levels were significantly higher in the three model groups compared with the group A. In addition, group D had a significantly higher SF level than group C, which indicated a higher iron load, possibly due to iron utilization disorders for bone marrow hematopoiesis. To confirm the stability of the composite model, the changes in SI and SF levels of group D1 mice on days +15 and +30, and no significant differences were observed without continuing iron dextran.
Iron is transferred by divalent metal transporter 1 from ingested food to the cytoplasm of intestinal epithelial cells, where it is stored in SF or further transferred to blood plasma through ferroportin (FPN) on the basement membrane (28) . Hepcidin, which is a vital factor for the regulation of iron metabolic balance in humans (29) , has negative regulatory effects on the transportation of iron to the blood plasma through the combination with FPN to induce phosphorylation, endocytosis, and degradation of FPN in the cytoplasm (30) . To date, the regulatory mechanisms of hepcidin expression, which are generally believed to be associated with the hemojuvelin (HJV)-BMP-SMAD signaling pathway, have not been completely clarified (31) . HJV, which is a co-receptor of the BMP signal, is able to combine with the type 1 BMP receptor to activate BMP. As a result, the phosphorylation of SMAD 1/5/8 is promoted to combine with SMAD4 and form a complex that further enters the cell nucleus to stimulate hepcidin gene expression (32) . TfR2 is predominantly expressed in liver cells and is able to positively regulate the BMP signaling pathway to upregulate hepcidin expression. The TfR2 gene mutation is one of the causes of hereditary hemochromatosis (33) .
Hepcidin level was previously reported to increase in patients undergoing transfusions due to iron overload and AA (34) , which differed from the present results. The present study revealed the existence of iron metabolism disorders in mice of the AA and composite model groups, with a significantly lower hepcidin expression in the liver that corresponded to changes in BMP6, SMAD4, and TfR2. A possible explanation is that the AA model was formed in an acute pattern in the present study, and it is known that anemia may lead to a decrease in hepcidin, which may be ascribed to the feedback up-regulation of erythropoietin (15) . In a previous mouse model of acute iron overload with intraperitoneal injection, hepcidin failed to appropriately respond to acute overload with iron dextran, and the hepcidin upregulation correlated with increased transferrin saturation (16) . In the present study, group C1 had significantly lower expression levels of hepcidin, BMP6, and SMAD4 in the liver than group A, and significantly higher levels than groups B and D1. The association with iron overload would not further downregulate the negative parameters of iron deposition in AA mice when compared with the AA and composite model groups. These results suggest that AA may have a critical role in abnormal iron metabolism at the gene level, which promotes the development of iron deposits.
In conclusion, in the present study, a composite model of AA complicated with iron overload was successfully established through the combination of intraperitoneal injection of iron dextran and immune-mediated AA model. The established model is consistent with the clinical manifestations and pathogenesis of AA complicated by transfusion-induced iron overload. This successful model may help in the screening of iron chelation drugs and studies on pharmacological mechanisms.
